Introduction
Current investigative strategies for bone tissue engineering integrate three elements: scaffolding material, osteogenic cells, and growth factors. However, this strategy has a few significant limitations. First, the procurement of osteogenic cells usually dictates an additional procedure for harvesting of autologous progenitor cells from the bone marrow, adipose tissue, or other sources. Second, the expansion of progenitor cells is subsequently required in an ex vivo, laboratory setting for an uncerCalvarial defects are common reconstructive dilemmas secondary to a variety of etiologies including traumatic brain injury, cerebrovascular disease, oncologic resection, and congenital anomalies. Reconstruction of the calvarium is generally undertaken for the purposes of cerebral protection, contour restoration for psychosocial well-being, and normalization of neurological dysfunction frequently found in patients with massive cranial defects. Current methods for reconstruction using autologous grafts, allogeneic grafts, or alloplastic materials have significant drawbacks that are unique to each material. The combination of wide medical relevance and the need for a better clinical solution render defects of the cranial skeleton an ideal target for development of regenerative strategies focused on calvarial bone. With the improved understanding of the instructive properties of tissue-specific extracellular matrices and the advent of precise nanoscale modulation in materials science, strategies in regenerative medicine have shifted in paradigm. Previously considered to be simple carriers of stem cells and growth factors, increasing evidence exists for differential materials directing lineage specific differentiation of progenitor cells and tissue regeneration. In this work, we review the clinical challenges for calvarial reconstruction, the anatomy and physiology of bone, and extracellular matrix-inspired, collagen-based materials that have been tested for in vivo cranial defect healing.
Bone Regeneration tain amount of time until a critical mass of progenitor cells has been proliferated and/or differentiated in preparation for implantation. Third, in order to proliferate and differentiate progenitor cells, growth factors are frequently utilized either in the ex vivo expansion stage or simultaneously with implantation. By definition, any addition of a growth factor is a supraphysiologic dosage which may cause unanticipated consequences such as uncontrolled proliferation. When one truly evaluates this strategy conceptually in an objective manner, it is clear that these deficiencies reduce the practicality of the strategy in clinical translation. Yet, the major argument from proponents of the strategy is that both stem cells and growth factors are absolutely necessary if we are to recapitulate or augment the biological wound healing process.
An alternative to this strategy is to consider that progenitor cells and growth factors are actually quite plentiful in humans and, perhaps, one may be able to recruit and stimulate endogenous progenitor cells to differentiate should we be able to provide the appropriate cues. In physiological differentiation, the appropriate cues are frequently found in the unique combination of molecules that make up extracellular matrices (ECM) of respective tissues. In recent years, an extraordinary expansion of bioinspired, ECM-based materials has been reported for the purposes of skeletal tissue regeneration. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Similar to other biomaterials fabricated for regeneration, many of these materials have demonstrated early promises in bench research. However, only a small number have progressed to in vivo investigations that accurately mimic a clinical scenario.
As one of the most utilized in vivo models for bone regeneration, critical-sized cranial defects are also one of the most clinically relevant situations as it is encountered in congenital anomalies, trauma, stroke, aneurysms, and cancer. For example, in stroke alone, 4.3 million adults were hospitalized in the United States between 1999 and 2008 with decompressive craniectomies performed in 14.5 patients per 10,000 hospitalizations for elevated intracranial pressures. [14] In a report to the United States Congress in 2015, the Centers for Disease Control and Prevention (CDC) estimated that traumatic brain injuries (TBI) in the civilian population accounted for 283,630 hospitalizations and 52,844 deaths. [15] In addition, the CDC and United States Department of Defense (DoD) reported that 235,046 service members (4.2%) were diagnosed with a TBI between 2000-2011. [15] Within these groups, surgical decompression via craniotomy or craniectomies are performed emergently in between 2-14% of patients depending on the severity of brain injury and, subsequently, delayed, secondary reconstructions may occur following resolution of cerebral edema. [16] In 1 in 2500 children, congenital anomalies of the skull such as craniosynostosis occurs. [17] Additionally, 1 in 700 children are affected by facial clefts, of which the rarest clefts usually affect both the skull and the face. In both pediatric situations, a paucity of bone may require harvest from a distant site and grafting to areas of deficiencies. Undoubtedly, successful technologies targeting cranial defects are likely to benefit a large proportion of the civilian and military population.
In this review, we aim to accomplish three tasks: present the clinical perspectives in treating cranial defects, review the biological organization and components of bone, and discuss the ECM-based materials that have been tested in vivo in cranial defect animal models.
Challenges in Cranial Defect Reconstruction

Indications for Cranial Defect Reconstruction
There are three reasons for reconstruction of a cranial defect: 1) cerebral protection 2) cosmesis 3) prevention or reversal of the "syndrome of the trephined". Although these three reasons are not always applicable in smaller defects, large defects can clearly be envisaged to lack the ability to withstand even minor head trauma. In addition, the grossly visible deformity of a massive cranial defect is frequently disruptive to psychosocial and vocational well-being.
Beyond empirical cerebral protection and deformity correction, cranial defects 20 cm 2 and larger have been reported to be associated with the "syndrome of the trephined" or postcraniotomy syndrome. [18, 19] In one study, the prevalence was found to be 24% in patients who had undergone decompressive craniectomy. [20] This syndrome consists of constellation of neurologic symptoms including headache, vertigo, tinnitus, fatigue, lack of concentration, insomnia, memory disturbance, irritability, and mental depression with or without dysphasia, dyspraxia, extremity paresis, and epilepsy. [18] Fodstad and colleagues found that 79% of their patients who suffered from the syndrome of the trephined were relieved of clinical symptoms and another 21% experienced improvement of symptoms after cranioplasty. [18] Using a battery of neurocognitive tests, Corallo et al. evaluated pre-cranioplasty and post-cranioplasty scores at 1 month and 1 year following reconstruction. [21] In all 15 tests, a statistically significant improvement was found between preoperative and postoperative states, however, essentially no statistically significant differences were noted between 1 month and 1 year post reconstruction suggesting that the improvement occurs early following reconstruction. One of the most dramatic accounts of motor recovery from a paralyzed extremity was documented in a case report of a patient with a delayed cranioplasty after gunshot wound to the head. [22] In addition, Suzuki and colleagues showed that their patients not Justine C. Lee only demonstrated improvement in speech, seizure activity, and cognition, they also demonstrated increased cerebral blood flow based on dynamic computed tomography. [23] Although understanding of the syndrome of the trephined remains incomplete, skeletal reconstruction of the cranial vault is thought to normalize cerebrospinal fluid hydrodynamics and increase cerebral blood flow. [18, 23] 
Timing of Cranial Defect Reconstruction
Timing of calvarial reconstruction, or cranioplasty, plays a significant role in the types of materials available for use. In elective, non-emergent neurosurgical procedures, such as tumor resection or treatment of vascular malformations, replacement of the autologous calvarium at the conclusion of the procedure is universally performed provided there are no contraindications such as presence of tumor within the calvarium or concern for elevated intracranial pressures. Thus, a discussion of primary cranioplasties will not be examined here as there is little argument to the treatment. However, in many circumstances, cranioplasty is performed in a delayed fashion.
Secondary cranioplasties occur due to a variety of reasons. The most common reason is the replacement of cranial bone removed for the purposes of relieving elevated intracranial pressures. This scenario occurs frequently in the setting of cerebral edema from traumatic brain injury or stroke. Severe trauma resulting in comminution of cranial bone, resection of cranial bone for malignancy, delayed resorption of bone, infection, radiation, or post-surgical deformities account for the majority www.advancedsciencenews.com www.advhealthmat.de of other reasons for secondary cranioplasties. Timing of a secondary cranioplasty depends on the etiology. For example, in the event of an oncologic resection of skin cancer invading the frontal bone, cranioplasty may occur immediately provided that the margins are clear. In the setting of infection, reconstruction of the calvarium is typically delayed for 6-12 months after resolution before definitive repair.
Clinically Available Materials for Cranial Reconstruction
Clinically available materials used for cranioplasty are categorized as autologous, homologous, or alloplastic ( Table 1) . For many surgeons, autologous bone graft continues to be the first line method for cranioplasty due to its ability for osteoinduction, osteoconduction, re-vascularization, and low infection rates. [24, 25] Within the category of autologous bone, three ↑ denotes relative increase with multiple arrows denoting higher relative qualities (i.e. increased resorption or cost), ↓ denotes relative decrease with multiple arrows denoting lower relative qualities (i.e. decreased resorption or cost); ↑↓ denote equivocal depending on report; -denotes not applicable.
www.advancedsciencenews.com www.advhealthmat.de considered standard of care and should be pursued whenever possible. Although the obvious advantage of this procedure is the orthotopic replacement of the exact bone removed, banked calvarial bone grafts are avascular by definition and the survival of cellular material is likely to be very low considering the long storage times. Thus, failure rates due to resorption tend to be high, particularly in the pediatric patient, where a number of studies have suggested rates between 39% and 50%. [26, 27] Adults fare significantly better in comparison to children with reported ranges between 7-20%. [28] Regardless of pediatric or adult, resorption also increases with increasing size of defect in a statistically significant manner. In terms of quantity of resorbed bone, the work by Grant and colleagues noted that, while there were no instances of resorption in defects less than 74 cm 2 in size, defects >75 cm 2 averaged around 60% resorption of the total bone graft. [26] Beyond resorption and contour defects, few other types of complications exist for this particular modality. Infection rates are generally low, reported between 7-10%. [26] [27] [28] [29] When banked calvarial bone grafts fail due to resorption or are removed due to infection, the cranial defect returns and reoperation is necessary with an alternative material for secondary reconstruction.
Autologous Heterotopic Bone Grafts and Flaps
Unlike replacement of banked calvarium, immediate grafting using autologous split cranial bone graft or other sites have a 5% reported rate of significant resorption and the lowest rate of infection based on a systematic review of the literature (Figure 1) . [27] However, also unlike banked calvarium, autologous bone grafting has the drawbacks of donor site availability and morbidity, thereby limiting the size of cranial defects that may be approached using this method. While the most common site for bone grafting of cranial defects is the uninvolved calvarium, other common donor sources include the iliac crest and ribs. In a hostile environment (radiation, infection, reoperation), non-vascularized bone graft may not fully osseointegrate, resulting in nonunion or osteonecrosis. In such settings, vascularized bone flaps are superior. [24, 30] Different from the neurosurgical term of "bone flap", vascularized bone flaps denote bony tissue harvested with its vascular supply intact for an autologous transplant and re-vascularization to distant vessels. The vascular flap is, thus, transfer of live tissue without requirements of vascular ingrowth. As this procedure necessitates the participation of a skilled microsurgical plastic and reconstructive surgeon, vascularized bone flaps are not widely available as an option and are generally limited to tertiary care academic centers. Typical sites of harvest for cranioplasty include the back where the latissimus dorsi muscle and ribs or scapula are harvested in continuity with the thoracodorsal artery and vein. [24] For both bone grafts and bone flaps, perfect adaptation to the native calvarium is essential to bony union. In addition, precision in generating a convex contour that is harmonious with the rest of the skull is necessary to allow for both appropriate cerebral expansion and a normal appearance. With both of these requirements in mind, reconstruction of the cranial skeleton with autologous bone requires a painstaking intraoperative shaping process using drills, burrs, and saws, which is frequently time-consuming. Although the complications rates vary widely in the literature, the major sequela of significance for using autologous bone graft in the craniofacial skeleton that we and other surgeons face is resorption resulting in contour abnormalities that may require further revision. [24, [31] [32] [33] Minor wound complications are common and range between 20-30% of all reconstructions. However, such complications are nearly universally treated with local wound care with resolution. Extrusion, removal, and complete replacement of autologous bone are exceedingly rare occurrences. In the largest series of autogenous bone graft harvest in the literature, complications of the donor site ranged from 0.25-0.9% depending on the site. [32] For the purposes of contour and the low donor site morbidity, split cranial bone graft is generally the preferred method for autologous reconstruction. [24, 32, 33] 
Cadaveric Allograft
Cadaveric bone allograft has been sparingly utilized for reconstruction of bony defects as an alternative to autologous bone. Allograft is well known to have inferior abilities for osteoconduction and bony union as well as high infection rates. [34] In addition, the potential for disease transmission is present. Thus, allograft is generally not considered to be an acceptable option for cranioplasty. Recently, however, one Serbian center described a series of cranioplasty patients with greater than 5 years of followup who have been treated with either autografts or allografts. [35] In their work, cadaveric allografts demonstrated an infection rate twice as high as autografts at 13.2% but otherwise had reasonable outcomes.
There are a few dire circumstances in pediatric patients where cadaveric demineralized bone matrix has been reported to have limited success. Children between the ages of 1-4 years represent a subset of cranial defect patients who are particularly challenging. Unlike infants who have a high propensity to heal most cranial defects, older children lose the osteogenic potential yet are severely limited in donor site availability due to the thickness of the calvarium. Unlike adults, alloplastic solutions are less than ideal as the skull is continuing to grow and problems such as intracranial migration of titanium plates may occur. Thus, several groups have presented some potential alternative treatments. In a small series, the Pittsburgh group demonstrated bony union using a combination of resorbable mesh plates composed of 70/30 poly-l/dl-lactide with demineralized bone matrix sandwiched between the plates. [36] Also, in the rare circumstance of craniopagus conjoined twins, Salyer and colleagues described the utility of perforated demineralized allograft bone for staged reconstruction of the massive calvarial deficiencies. [37] 
Alloplastic Materials
Alloplastic materials such as titanium alloys, methylmethacrylate (MMA), hydroxyapatite (HA) bone cement, and polyetheretherketone (PEEK) have been applied extensively to cranial defects due to ease of use and the ability to manufacture a customized implant for each defect (Figure 2) . [38, 39] The major benefits of an alloplastic implant are: 1) "off-the-shelf" placement on a cranial defect, thereby significantly decreasing operative time; 2) ability to have an exact fit with the assistance of 3D printing; 3) ability to reconstruct massive defects that exceed sizes possible with autologous bone due to donor site availability. However, alloplastic materials have the drawbacks of cost, potential extrusion, lack of any re-vascularization, and infection, especially in patients who have undergone radiation treatment or have had previous infections. [24] Despite the excellent results reported by some investigators, [39, 40] others have shown failures ranging from 16-62% in the setting of infection or radiated tissues depending on the type of alloplast used. [41] [42] [43] In addition, as the majority of studies evaluate cranioplasties of a variety of sizes and etiologies within the first several years after placement, the true long term complication rate is generally difficult to assess from the literature.
Titanium is the most widely used alloplastic implant for calvarial reconstruction due to its reasonable biocompatibility, durability, low cost, and ability to be shaped intraoperatively or precisely produced with 3D printing. However, it is radioopaque and, therefore, can interfere with surveillance imaging following cranioplasty. Similar to other alloplastic materials, titanium has been known to have a range of complication rates. Unlike all other materials, the special feature of titanium is that extrusion is common in large defects long term, particularly when there is soft tissue compromise such as previous infections or radiation. In one Singaporean center, the complication rate of titanium cranioplasty after decompressive craniectomy was found to be 25.0% with a higher percentage of titanium implants extruding in comparison to PEEK implants. [44] One of the largest retrospective studies on titanium cranioplasties, conducted by Mukherjee et al. in London, reported a failure and removal rate of 10.3% and infection rate of 8.6%. [45] When they evaluated reasons for failure, the presence of a previous infection and defect size greater than 100 cm 2 were associated with higher complication rates.
Methylmethacrylate (MMA) has been used extensively for its ability to be molded intraoperatively, its excellent tensile strength, low cost, and ability to be custom produced with precision using 3D printing. However, the high rate of infection and fractures in large defects exceeding 42 cm 2 has been problematic for broad usage. [26, 41] In a long term outcomes study in pediatric patients, Blum et al. noted that 23% of their patients suffered complications within 8 years following MMA cranioplasty which was significantly correlated to radiation therapy, large defects, and involvement of the frontal sinus. [41] Hydroxyapatite (HA), frequently used as "bone cement", also has the advantage of allowing for intraoperative molding while being able to be custom produced precisely with 3D printing. Although brittle, HA is biocompatible and osteoconductive. Similar to MMA, HA is prone to high rates of infection. [46] In a small series, Durham and colleagues reported a 22% infection rate requiring reoperation and explantation and suggested that the unacceptably high rate of infection in defects >25 cm 2 may limit the utility of HA for reconstruction. [46] Zins and colleagues, in another small series, reported a 62.5% reoperation rate. [43, 47] Of the long term complications, 62.5%
Adv. Healthcare Mater. 2017, 6, 1700232 Figure 2 . 3D printed alloplastic cranioplasty after atypical meningioma resection and radiation. 62 year old female with a 9 × 9 cm cranial defect secondary to resection of atypical meningioma. A) Preoperative CT scan with red arrows pointing to defect. B) Closeup view of cranial defect (left) and virtually planned reconstructed skull with 3D printed alloplastic material.
www.advancedsciencenews.com www.advhealthmat.de were attributed to infection and the remainder were attributed to fracture of the reconstruction. Interestingly, a recent randomized controlled trial for large defects demonstrated no significant differences between HA and titanium in terms of reoperation and explantation rates which was 11.5% and 12.5%, respectively. [48] Polyetheretherketone (PEEK) is the most recent addition to the materials available for alloplastic cranioplasty. Use of PEEK is generally reserved for large defects in which computer aided design (CAD) is used for fabrication of a 3D printed implant based on the patient's contralateral intact skull or normative data for human skulls. The material is extremely strong, nonporous, radiolucent, and can be re-sterilized for use in the event of a complication requiring explantation. All of these qualities set PEEK apart from MMA and HA as a superior material. However, PEEK is expensive and can cost up to 5-6 times the amount of custom titanium. At this point in time, due to the limited time in use, extrusion of PEEK has not been reported as a long term complication. In two studies, infections with PEEK implants were reported to be comparable to other alloplasts at 7.6-13%. [49, 50] In all of the complications experienced in one of the studies, the implants were explanted, resterilized, and reimplanted with success. [49] 
Adjunctive BMP-2
In addition to materials for cranioplasty, bone morphogenetic protein-2 (BMP-2) has been anecdotally described as an adjunctive technique for augmenting bone healing. [51, 52] Two reports involving three patients received recombinant human BMP-2 (rhBMP-2) in conjunction with autologous bone grafting from either calvarial [52] or femoral [51] sources. As one of the most common family of growth factors used to induce osteogenesis, the BMP family of growth factors are of clinical significance in that two of their members are available for clinical use. [53] To date, over 15 molecules of the BMP and growth and differentiation factor (GDF) subfamily have been identified and two (BMP-2 and -7) have been approved for use by the United States Food and Drug Administration (FDA) in clinical medicine. [54] Mechanistically, BMPs are first synthesized as precursor proteins that dimerize intracellularly (Figure 3) . Upon dimerization, precursor proteins are cleaved at the consensus Arg-x-x-Arg site, yielding carboxy-terminal mature dimers that are secreted. Following secretion from cells, BMP dimers activate intracellular processes by binding to BMP receptor (BMPR) complexes. [55] Both type I and type II BMPR are transmembrane serine threonine kinases. [56] Type I BMPR are generally considered to be the high affinity receptors that determine the specificity of BMP signaling and type II receptors are the constitutively active receptors that activate downstream processes after binding to type I receptors. However, this general rule has been challenged by the binding patterns of certain BMPs such as BMP-9. [57] The mode of BMPR oligomerization at the cell surface is a determinant in downstream signaling pathways. [58] In the BMP-mediated signaling complex (also called the BMP-induced signaling complex or BISC), BMP dimers bind to type I BMPR dimers and recruit type II BMPR dimers to the complex (Figure 4 ). This complex is internalized in caveolae and activates the non-canonical, Smad-independent BMPR signaling pathway with the activation of ERK, p38 MAPK, JNK1/2, and PI3K pathways without Smad activation. In contrast, type I and type II BMPR can exist in a tetrameric preformed complex. When BMP dimers bind to the tetrameric preformed complex, the canonical pathway is activated with recruitment and phosphorylation of receptor Smads (Smad 1/5/8 or Smad 2/3). Internalization occurs through a clathrin dependent endosomal route. Phosphorylated receptor Smads associate with co-Smad (Smad 4) and translocate to the nucleus to activate Smad-dependent genes such as Id1-3. Crosstalk between the two pathways occurs. Both ERK and p38 MAPK are activated by the Smad independent pathway and both have the capabilities to target receptor Smads for proteasomal degradation. [59] Both canonical and non-canonical pathways can induce osteogenic genes. Despite the abilities for osteogenic stimulation, both cost and complications such ectopic bone formation, resorption, decreased maxillary growth, and potential for malignancy have dampened the enthusiasm for clinically utilizing exogenous, supraphysiologic dosages of BMP. [60] 
Applying the Requirements of Cranial Defect Reconstruction to Regenerative Strategies
From the vast surgical literature on management of cranial defects, several concepts for successful reconstruction are clear. First, the most stable method of reconstruction with the lowest likelihood of wound complications is autologous, vascularized bone. Second, approximation of the transferred bone graft to the native calvarium is necessary for successful bony union. Thus, despite the risks for complications, one advantage of alloplastic materials over autologous bone is the ability to generate a precisely shaped implant using 3D printing technologies. Lastly, the utility of exogenous growth factors to achieve bone healing is limited due to the problematic side effect profile. All www.advancedsciencenews.com www.advhealthmat.de three concepts serve as guiding principles for a realistic strategy for bone regeneration.
Bone Biology: The Basis for Regeneration
Efforts in designing the perfect material for bone regeneration requires a recapitulation of normal bone biology. Bone is a heterogenous and anisotropic material, which consists of a varied arrangement of hierarchical structures that work in concert to perform diverse mechanical, biological and chemical functions, including structural support, protection of vital organs, and regulation of mineral homeostasis ( Table 2) . [61] [62] [63] 
The Hierarchical Organization of Bone
At the macrostructural level, bone can be separated into cortical (also called compact) and cancellous (also called trabecular) bone ( Figure 5) . In calvarial bone, cortical bone composes the inner and outer tables separated by the diploie, the cancellous portion. Overall, cortical bone accounts for 80 percent of the body's bone mass. [62, 64] In all bones, the cortical component provides strength and resistance to compression and tension. [62] However, the biomechanical properties of cortical bones can be quite different depending on the anatomical area. While cortical bone in the human femur has been reported to have an average elastic modulus of around 20-25 GPa, [65] cortical calvarial bone has been reported to have an elastic modulus of around 12 GPa. [66] When evaluated in children 1-2 years of age, the elastic modulus of the calvaria was found to be between 1.1-1.3 GPa with frontal bone providing greater stiffness than parietal bone. [67] Cancellous bone makes up the remaining 20 percent of the body's bone mass. [62, 64] Unlike cortical bone, cancellous bone has a relatively porous structure and a significantly larger and lower range of elastic moduli reported anywhere from 1-18 GPa depending on anatomic location of the bone. [68] The elastic modulus of diploie has not been reported in the literature. Although both types of bone are grossly different by porosity or density, the true differentiation comes from histological evaluation of the tissue's microstructure. [61] The basic functional unit of cortical bone is the osteon, or Haversian system. [61, 62] Each osteon contains osteocytes arranged in regular, concentric layers of mineralized collagen fibers, called lamellae, which surround the long hollow central canal. [61, 62] The central canal, or Haversian canal, generally runs parallel to the bone surface and contains neurovascular structures. [61, 62, 69] Volkmann's canals are perforating holes or channels that run perpendicular to the central canals and function to interconnect central canals with each other and the periosteum. [62, 69] Lacunae are the small spaces between the concentric lamellae where the osteocytes are located. [62, 70] As such, the size of the lacunae is related to the original size of the osteoblast from which the osteocyte evolved. [71] The lacunae are linked together by minute channels called canaliculi, which permit the exchange of nutrients and metabolic waste products. [62, 70] The small, irregular areas of bone between separate osteons is occupied by interstitial or intercalated lamellae. [62] In contrast, cancellous bone consists of an irregular lattice of rod and plate like structures called trabeculae. [61, 62] Trabeculae contain parallel lamellae, lacunae, osteocytes, and canaliculi. [72] Unlike osteons, trabeculae do not have a central canal with a blood vessel. Rather, the interconnecting framework of trabeculae encloses irregular red bone marrow cavities and hematopoietic stem cells that give rise to platelets, red blood cells and white blood cells. [73] Blood vessels from the periosteum Mode of BMP signaling determines Smad dependent and independent pathways. In the BMP-mediated signaling complex, BMP dimers bind to type I BMPR dimers and recruit type II BMPR dimers to the complex resulting in caveolae-mediated internalization and activation of the non-canonical (Smad independent) pathways including PI3K/Akt, p38 MAPK, ERK1/2, and JNK1/2. While the non-canonical pathways are not as well characterized as the canonical (Smad dependent pathways), BMP stimulation has been found to upregulate both Ras and TAK-1 phosphorylation, the upstream MAPKKKs for the ERK pathway and JNK pathways, respectively. [1] In addition, recent work in our laboratory has demonstrated an interdependence of ERK1/2 and JNK1/2 activation in hMSCs undergoing osteogenic differentiation on collagen glycosaminoglycan scaffolds (JCL, unpublished data). When type I and type II receptors are assembled in a preformed tetrameric complex, Smad dependent canonical pathway is activated via a clathrin-mediated internalization of the receptor complex. Phosphorylated receptor Smads (Smad1/5/8) associate with co-Smad (Smad 4) and translocate to the nucleus to activate Runx2 and other Smad-dependent genes. Crosstalk between the canonical and non-canonical pathways exist at multiple levels. Both p38 MAPK and ERK1/2-mediated phosphorylation has been reported to target Smads for ubiquitination by Smurf1 and proteasomal degradation. Despite the apparent inverse relationship between BMPR-mediated Smad and ERK signaling, both have been reported to contribute to osteogenic differentiation. Adapted with permission. [2] Copyright 2015, Elsevier.
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Bone Homeostasis
Bone is a metabolically active tissue which undergoes active homeostasis through the interactions of a number of cell types. [62] At the anatomic level, bone formation and resorption occurs as part of two major mechanisms of bone homeostasis: modeling and remodeling. Bone modeling generates a net positive quantity of bone at specific surfaces separate from the resorptive surfaces. Unlike long bones which model through an endochondral ossification pathway, calvaria and other facial bones ossify directly via the intramembranous pathway. One physiologic example is provided by Sarnat and colleagues who described that mandibular ramal growth occurred at the posterior and inferior borders, while resorption was prominent at the anterior border. [74] In contrast, bone remodeling couples osteoblast and osteoclast activity and is a process common in adult bone. This coupling of bone formation and resorption is spatially enclosed within specialized anatomic structures called basic multicellular units (BMUs). [75] The BMU consists of a cutting cone of osteoclasts followed by a closing cone of osteoblasts. This structure travels across cortical or cancellous bone. For remodeling to occur, BMU activation needs to occur with activation of osteoclasts. This signal has been hypothesized to come from the osteocyte following injury or times of mechanical stress such that a linear correlation exists between apoptotic osteocytes and intracortical remodeling. [76] The proximity of osteoblasts and osteoclasts result in cell-cell interactions that ultimately function to cooperate in bone resorption and formation. [77] At the cellular level, two major cell lineages are responsible for bone homeostasis: osteoblasts and osteoclasts (Figure 6 ). [78, 79] Mesenchymal stem cells (MSCs) are pluripotent cells that have the ability to differentiate into chondrocytes, adipocytes, osteoblasts, and myoblasts. The osteoblastic lineage begins with the differentiation of MSCs into a fibroblast colony forming unit (CFU-F), which is further differentiated into preosteoblasts through the action of a number of signaling pathways that are discussed further below. Central to the signaling pathways is the activation of Runx2, a master transcription factor in osteoblast differentiation. Osteoblasts are responsive to mechanical stimuli and growth factor receptor-mediated signals. [80] Following secretion of bone matrix, a population of osteoblasts undergoes further differentiation to osteocytes and remains embedded within the matrix. Osteocytes, the most abundant cell type in bone, are interconnected via dendritic processes and gap junctions to each other, osteoblasts, and endosteal lining cells. Although the exact purpose of the osteocyte network is controversial, it likely has a role as mechanical sensors for stress and injury. [76, 81] Unlike the osteoblast lineage of cells, osteoclasts are multinucleated cells differentiated from hematopoietic stem cells (HSCs) that function to resorb and remodel bone. [78] Following differentiation of the HSC to monocyte colony forming units (CFU-M), osteoclastogenesis is stimulated by the action of macrophage colony stimulating factor (M-CSF) and receptor activator of NF-κB (RANK). Osteoclasts exert their function by direct contact with bone, resulting in the formation of resorption pits or tunnels. Anatomic, cellular, and mechanistic differences exist for long bones versus calvaria. This distinction is not entirely surprising in that the tissues are derived from different embryologic germ layers. In terms of bone resorption, calvarial osteoclasts have been demonstrated to utilize different proteases for matrix degradation in comparison to long bones. [82] When different sources of osteoclasts were investigated, heterogeneity in collagenolysis abilities was found to be present depending on anatomical site which was related to the expression of cathepsin K. [83] Interestingly, further investigation demonstrated that in vitro osteoclast activity was intimately tied to the anatomic source of osteoblasts and that calvarial osteoblasts activated higher numbers of osteoclasts in comparison to long bones. [84] 
The Extracellular Matrix of Bone
Outside of the cells, the extracellular matrix is extraordinarily interesting and has been demonstrated to facilitate a significant amount of biological activity within the bone. The widely separated cells are surrounded by large amounts of calcified matrix, which is composed of approximately 30% organic components, 60% inorganic components, and 10% water. [63] However, the relative proportions of these constituents can vary considerably with age, gender, ethnicity, health status, and bone type. [54] The primary component of the organic matrix is Type I collagen (≈90%), a fibrous protein that provides strength and flexibility. [61, 63, 70, 85] Type I collagen is composed of three polypeptide chains (i.e., two identical alpha-1 chains and one alpha-2 chain) wound together in a triple helix. [54, 63] The triplehelical molecules self-assemble into parallel fibrils that are staggered by 67 nm and separated by 35 nm holes between their ends. [54, 61] Other proteins, so-called non-collagenous proteins (NCPs), account for a small proportion of the organic matrix (≈10%). [54, 61, 63, 85] The physiologic roles of most of the non-collagenous proteins have not fully been elucidated, but they appear to serve important functions in matrix organization and bone mineralization. [63] Specifically, osteocalcin, osteonectin, osteopontin, and sialoprotein may regulate the size, orientation, and crystallization of the mineral deposits. [61, 63] Additionally, proteoglycans (PGs), consisting of a protein core covalently bound to one or more glycosaminoglycan (GAG) chains, may regulate processes such as adhesion, migration, proliferation, and differentiation due to interactions with diverse proteins, including cytokines, chemokines, growth factors, enzymes, and adhesion molecules. [86, 87] Glycosaminoglycans and proteoglycans are thought to be responsible for sequestering soluble factors within the matrix using noncovalent interactions, which is a process that can lead to spatial immobilization and bioactivity. GAGs are long, linear polysaccharides composed of repeating disaccharide units of hexosamine and either uronic acid or galactose. [86, 87] Less than 1% of the extracellular matrix of bone is composed of GAGs, which consists primarily of chondroitin sulfate, repetitive N-acetylgalactosamine (GalNac)-glucuronic acid (GlcAc) disaccharide unit polymers that are synthesized intracellularly, sulfated, secreted, and bound to proteoglycans. [87] PGs and their constituent GAG chains also bind to hydroxyapatite (HA) which could also potentially protect these molecules from degradation. [86] PGs and GAGs play a major role in bone morphogenesis, homeostasis and degenerative bone disease. [86] Proteoglycans are also believed to effect the formation, function, and viability of osteoclasts and osteoblasts. [87] Furthermore, small leucine-rich proteoglycans (SLRPs), such as biglycan and decorin, are an important family of proteoglycans that play a major role during all phases of bone formation, including cell proliferation, organic matrix deposition, remodeling, and mineral deposition. [86] Similar to PGs, glycoproteins such as fibronectin are effective at growth factor sequestration and such properties may be harnessed for regenerative materials. [88] Lipoproteins and lipids are also present in the bone matrix and are important for metabolic functions. [54, 89] The roles of the supporting organic content, especially the GAGs, are only recently being investigated in bone regeneration.
The inorganic composition of bone consists predominantly of calcium phosphate, however, certain amounts of carbonate, sulfate, sodium, potassium, magnesium, fluoride, zinc, barium, and strontium are also present. [70, 85] Within the matrix, phosphate and calcium ions nucleate to form plate-like hydroxyapatite crystals (Ca 10 (PO 4 ) 6 (OH) 2 ), which account for the stiffness and hardness of bone. During the early stages of mineralization, the crystals form within the discrete spaces between the collagen fibrils, limiting their possible primary growth and forcing them to be discrete and discontinuous. [54, 61, 70, 85] The primary crystals grow with a specific crystalline orientation with the c-axes of the crystals roughly parallel to the long axes of the collagen fibrils. [54, 61] However, as the crystals continue to grow, they penetrate into the overlap zone of the collagen fibrils, compressing the triple-helical collagen molecules to form extended sheets. [54, 85] Significant differences in the extracellular matrix compositions between long bones and calvaria have been reported. [90] Using two-dimensional polyacrylamide electrophoresis, 
Challenges in Development of Biomimetic Scaffolds
Due to the limited practicality in stem cell-based and growth factor-based strategies in regenerative medicine and the increasing understanding in the instructive abilities of the extracellular matrix, the impetus to generate ECM-inspired materials has become more and more attractive. [91] Additionally, several challenges have been identified in synthetic polymeric scaffolding material. Polymers made of poly-l-lactic acid (PLLA) and poly-lactide-co-glycolide (PLGA) are clinically available as resorbable surgical implants and, thus, have been commonly tested in laboratories as a carrier of growth factors and/or stem cells for regeneration. [92] However, there are a few significant considerations that have been clinically described.
In orthopaedic implants composed of PLGA and ceramic composites, failure due to degradation resulting in screw migration and aseptic cysts have been described in long bones. [93] In an attempt to further understand the reasoning for device failure, Meyer and colleagues demonstrated that high lactic acid and glycolic acid concentrations negatively affected viability, proliferation, and differentiation of osteoprogenitor cells. [92] In addition, the produced acidic metabolites have been reported to induce inflammation via superoxide release from phagocytes. [94] Thus, degradation of the implant and subsequent metabolites generated by the scaffold may be important to consider. Mineralization on PLLA or PLGA does not occur clinically and such materials have no inherent instructive capabilities for osteogenesis. Indeed, osteogenic differentiation of progenitor cells on PLGA is difficult without the support exogenous growth factors. [95] However, as cerebral protection is an important component to reconstruction, there is a clinical need for a structurally stable covering of the skull during regeneration. This is unlikely to be provided by a soft, porous, biocompatible material designed for cellular integration and differentiation. Thus, a protocol for protection prior to complete regeneration would be necessary for future translation which may arrive in the form of a resorbable material. [96] Recapitulation of the hierarchical structure of bone is difficult prior to implantation as it is composed of both cellular and acellular material. Since the scaffold is a cell free reagent, it is also difficult to predict the organization that will be necessary, how they should be arranged, and which molecules are necessary. An anistropic arrangement of ECM within a scaffold has been reported to be useful for the differentiation of cells into composite materials such as the osteochondral junction or the osteotendinous junction. [5, 6] An anisotropic, hierarchical arrangement of porosities and mineralization have also been reported by a number of investigators specific for osteogenic differentiation. [97] However, the biological significance of these arrangements for bone regeneration has not yet been elucidated.
Chemical composition of the scaffold can be based essentially completely off of biological bone. However, there are still some nuances that must be considered. Sources of organic material, such as collagen, proteoglycans, and glycosaminoglycans, are animal in origin. Thus, the immunoreactivity of the proteins may potentially be of concern for implantation. In terms of the minor species of organic content, it is unclear how much and which minor species should be included as the importance of each has not been fully determined. In terms of the inorganic content, the types of calcium phosphate and method of incorporation is also unclear. Although carbonated hydroxyapatite is known to be the major type of calcium phosphate in bone ECM, it is difficult to speculate on whether this is necessary or appropriate for stimulating regeneration as excellent osteogenic differentiation has been reported in scaffolds with brushite as the primary calcium phosphate component. [2, 7, 9, 11, 98] Furthermore, the significance of the less abundant inorganic ions such as silicon and magnesium are also incompletely described for regeneration.
Many scaffolds are very similar in composition and even fabrication, however, differences such as crosslinking with either the carbodiimide (EDC/NHS) or the dehydrothermal (DHT) techniques can effect changes in porosity, compression modulus, and degradation rate. [99] All of these attributes have been reported to affect stem cell differentiation. [100] When evaluated in the laboratory, the efficiency of EDC crosslinking of Concanavalin A (ConA) to collagen glycosaminoglycan (CG) scaffolds was significantly increased in the presence of greater concentrations of ConA, a 5:12.5:1 EDC-NHS-COOH ratio, and with the step crosslinking approach versus bulk crosslinking. [8] Pence and Harley demonstrated that the source of collagen can significantly change the immobilization of proteins during crosslinking. [8] Murphy and O'Brien evaluated a range of pore sizes in collagen glycosaminoglycan scaffolds of identical composition, crosslinking, and synthesis methods. [13, 101] They demonstrated that wide differences in adhesion, migration, and differentiation in a range of 85-325 µm in pore sizes, with the larger pore size demonstrating the best results. These studies highlight that minute changes can provoke significant differences in the success of regenerative materials. However, this may also point to the underlying power of a materials-based approach to regeneration in that the reagent can be finely tuned to the application at hand. Whereas stem cell and growth factorbased approaches may have difficulties in modular organization at the nanoscale level, materials can be relatively easily fabricated with precise compartments or gradients. In combination with the ability of the extracellular matrix to direct lineage specific differentiation by progenitor cells, it is clear that materials that can mimic tissue-specific extracellular matrix will also direct tissue-specific regeneration.
With respect to the clinical question of regenerating human calvarial defects, the most important piece of evidence in www.advancedsciencenews.com www.advhealthmat.de relationship to the potential clinical translation of material is still animal data. Specifically, the critical-size cranial defect is essentially exactly the same defect encountered in the clinical scenario and, thus, successful in vivo healing with supporting mechanistic data would be powerful indicator for clinical utility.
Our focus below will be on the current ECM-inspired, collagenbased materials that have been designed and fabricated for bone engineering with in vivo cranial defect testing, thereby representing materials with the highest potential for rapid clinical translation in calvarial reconstruction (Table 3) .
Collagen Scaffolds
Materials composed of the major organic component of bone ECM, collagen I, have been present for several decades. However, the majority of the investigations with collagen I have focused on utilizing the material as a carrier of cells and/or growth factors without particular focus on modulating collagen. Unmodified collagen scaffolds are commercially available (Helistat, Integra Life Sciences Corp, Plainsboro, NJ) and have been tested in the setting of cranial defects. However, collagen lacks structural stability resulting in contraction during in vitro osteogenic differentiation. [7, 95] Thus, the usage of collagen scaffolds alone in the in vivo cranial defect literature is limited and universally requires either growth factors or stem cells for any reasonable efficacy.
Hwang et al. provided a growth factor based method for healing cranial defects in murine calvarial defects. [102] Early in wound healing, stromal cell derived factor-1 (SDF-1/CXCL12) binds to its receptor CXCR4 and serves to recruit progenitor cells including mesenchymal and endothelial stem cells to injured tissues. [103] Utilizing commercially available, cell-free collagen scaffolds in a 5 mm murine calvarial defect, their work demonstrated that pretreatment with SDF-1 prior to BMP-2 stimulation resulted in a massive increase in bone formation when compared to treatment with BMP-2 alone or SDF-1 alone. As their work was performed in a cell-free manner, their results support the idea that endogenous progenitor cells can be sufficient for bone regeneration provided that the appropriate signals are present for homing to the defect. [104] The massive overgrowth of bone seen in the defects with supraphysiologic SDF-1 and BMP-2 underscores the dysregulation that may occur with exogenous growth factor supplementation.
An alternative to using growth factors, yet still harnessing growth factor signaling, has been proposed by a few investigators. Antibody-mediated osseous regeneration (AMOR) alludes to a process using monoclonal antibodies to crosslink osteogenic BMPs, thereby activating the BMP receptors without increasing the physiologic quantity of osteogenic BMPs. [105] Although this strategy does not increase the absolute quantities of BMPs, the fact that it results in higher activities of physiologic quantities of BMPs may actually be equivalent to adding BMP-2. However, further work will need to be performed to determine whether this strategy will be fruitful and also decrease the complications induced by exogenous BMP-2.
Stem cell supplementation of various sources have been tested in combination with collagen scaffold carriers in cranial defect healing. De Pol and colleagues compared human amniotic fluid derived (hAFSCs) and human dental pulp derived stem cells (hDPSCs) head to head in rat critical-sized full thickness cranial defects of the parietal region. [106] In the presence of immunosuppression, healing of critical-sized defects was found to be more effective with amniotic fluid-derived stem cells. Their followup work also suggested the utility of ferutinin in further healing as determined by two-dimensional radiographic evidence and histochemical methods. [107] Similarly, Chamieh et al. utilized compressed collagen gel scaffolds in a rat cranial defect model with primary DPSCs. [108] They demonstrated 8-9% of bone volume/total volume (BV/TV) based on micro-computed tomographic data (micro-CT). Using a more differentiated set of progenitor cells, Bartold and colleagues expanded and implanted primary human alveolar osteoblasts cultured on collagen scaffolds into 3.5 mm cranial defects in SCID mice. [109] Taken together, the different investigations demonstrate that osteogenic capabilities of progenitor cells differ by source and degree of differentiation.
A combination of growth factors and stem cell supplementation have been tested by a number of groups. In a swine model, Chang et al. investigated the ability of collagen scaffolds carrying autologous bone marrow stromal cells (BMSCs) transduced with adenoviruses expressing BMP-2 for 3 months. [110] Whereas addition of BMSCs yielded a small amount of bone healing, BMP-2 increased the efficiency of calvarial healing at 3 months. In this work, a two-dimensional analysis of a threedimensional reconstructed CT scan showed approximately 63% of bone fill. A similar comparison using autologous muscle derived stem cells (MDSCs) seeded on collagen scaffolds demonstrated that healing of murine cranial defects only occurred in the presence of BMP-2 transduction from an adenoviral source. [111] Ultimately, all of the above studies have concluded that healing of cranial defects using collagen alone as a scaffold does not occur. Supplementation with growth factors or progenitor cells or both are necessary to detect any reasonable amount of bone healing in the presence of collagen only materials.
Collagen with Glycosaminoglycans
GAGs in the extracellular matrix serve a number of roles, of which cell adhesion and non-covalent interactions with growth factors are likely to be of the greatest significance in regenerative medicine. [112] Although originally evaluated in skin and peripheral nerve regeneration, Farrell et al. in 2006 first demonstrated that addition of GAGs to collagen scaffolds (also called CG or Col-GAG) resulted in a microenvironment with the capabilities of supporting osteogenesis and chondrogenesis of hMSCs. [113] In this initial work, the U0126 small molecule MEK inhibitor was found to inhibit osteogenic differentiation suggestive that the MAP kinase pathway was induced during differentiation. Our group has reported similar results in the osteogenic mechanism of Col-GAG scaffolds with the upregulation of phosphorylated ERK1/2 during osteogenic differentiation. [2, 98] Recently, we have also tested the PD98059 small molecule MEK inhibitor on hMSC differentiation on CG scaffolds and noted inhibition of osteogenesis and matrix mineralization (JCL, unpublished observations). The incorporation of glycosaminoglycans into collagen-based scaffolds has been investigated by several groups due to its capacity to regulate physiology through interactions with growth factors. [13, 101, 114, 115] Termed the "sulfation code", GAGs may function as an organizer of extracellular signals. Hortensius and Harley evaluated a panel of GAGs including hyaluronic acid, chondroitin sulfate, and heparan sulfate. [115] These investigators found that sulfated GAGs when provided even at low concentrations (collagen:GAG 11.28:1) may provide a depot of growth factors.
To evaluate an alternative route of osteogenic induction via endochondral ossification, Thompson et al. tested a collagen hyaluronic acid (CHyA) scaffold for osteogenic differentiation. [116] When rat bone marrow-derived MSCs were cultured first with TGF-β to induce chondrogenesis followed by osteogenic media, CHyA was found to display less matrix mineralization in comparison to a collagen hydroxyapatite scaffold. Following the sequential culture approach, scaffolds were implanted into 7 mm rat cranial defects and the CHyA scaffolds were seen to result in the maximum amount of bone formation with a BV/TV ratio of around 40%. The interpretation that this may be related to improved vascularization and remodeling remains to be evaluated in greater depth.
Collagen with Mineral Content
Similar to collagen scaffolds, five commercially available preparations of collagen with mineral content exist and have been approved by the FDA for use as a bone void filler, primarily for spine or orthopaedic surgeries. Of the commercially available composites, two have been evaluated in cranial defect models. Healos (DePuy Spine Inc, Rayham, MA) is a composite of collagen coated with hydroxyapatite and has been approved for use in spinal surgeries in combination with bone marrow. In one comparison between Helistat and Healos in 8 mm rat calvarial defects, Healos did result in improved bone healing in a qualitative evaluation. [117] Similarly, Mastergraft (Medtronic Sofamor Danek, Memphis, TN) has been evaluated in critical sized cranial defects in a canine model. [118] Quantitation at 4 months following implantation was performed using histomorphometric analyses which demonstrated no differences when compared to demineralized bone matrices. Neither of the commercially available products are considered to be standard of care as primary modes of calvarial reconstruction and neither have definitive mechanistic or animal data. In 2009, O'Brien and colleagues utilized a biphasic immersion process in developing highly porous, collagen scaffolds coated with calcium phosphate (CCP). [119] Their scaffold was characterized with a compressive modulus of 10.3 kPa in comparison to pure collagen scaffolds which have a compressive modulus of 0.28 kPa. When the mineral content was evaluated in detail, hydroxyapatite was found to be the major component of the mineral phase. Subsequently, the same investigators compared the CG to the CCP scaffold. [12] The compressive modulus of CG scaffolds was 1.0 kPa, which was significantly lower that CCP scaffolds but higher than pure collagen scaffolds which increased after seeding with primary rat BMSCs. Eight weeks after implantation into an 8 mm rat cranial defect, micro-CT analysis demonstrated that CCP far exceeded CG in percent BV/TV at 34% and that cell-free implantation performed better that scaffolds containing ex vivo expanded and differentiated BMSCs. Interestingly, the group also noted that one potential explanation for the improved healing in cell-free scaffolds may be related to an increase in M1 subtype macrophages in the presence of MSCs. The technique was later modified to a suspension method with dispersant aided precipitation and also evaluated in vivo demonstrating similar results. [120] Although the majority of ECM-based materials have generally considered collagen as a base material, one group of investigators have approached scaffold fabrication from the mineral standpoint. [121] Biphasic calcium phosphate (BCP) composed of a 60:40 HA to β-tricalcium phosphate (TCP) ratio coated with a pepsin-cleaved fragment of collagen, termed atelocollagen (AT-Col), was compared to BCP alone in 8 mm rabbit calvarial defects. Their group noted that AT-Col/BCP composite scaffolds demonstrated approximately 34% healing at 8 weeks in comparison to approximately 8% in the BCP only scaffolds. In addition, improved bone healing was correlated to increased osteogenic gene expression, TRAP staining, and CD31 staining suggestive of increased osteogenesis, osteoclastogenesis, and angiogenesis. Taken in total, collagen and mineral content clearly have a synergistic effect on osteogenic differentiation.
One potential explanation for the synergistic effects of mineral content on osteogenic differentiation may be due to the increasing understanding of the signaling capabilities of inorganic ions. The BMP signaling pathway has been shown to have a key role in osteogenesis driven by calcium phosphate ions. Specifically, calcium ion has been found to upregulate gene transcription of BMP-2, [122, 123] transcription factors in osteogenic differentiation (Runx2, osterix), [123, 124] and late osteogenic genes osteopontin (OPN) and osteocalcin (OCN). [125] However, the interplay between extracellular calcium ion and BMP-2 gene expression is poorly understood although one group has proposed a mechanism involving the Calcium Sensing Receptor (CaSR) and L-type voltage-gated calcium channels (VGCCs). [123] Via a proposed signaling pathway by Barradas et al., extracellular calcium ions are internalized via L-type VGCCs which in turn activates protein kinase C (PKC). PKC phosphorylates the CaSR, diminishing its sensitivity to calcium. Simultaneously, PKC activates the Ras-MAP-kinase signaling pathway. The resulting phosphorylated ERK activates transcription of the c-Fos transcription factor, which binds to c-Jun, forming the AP-1 transcriptional activator, which binds to the AP-1 binding site in the promoter region of the BMP-2 gene, activating BMP-2 transcription. [123] Similarly, exposure of progenitor cells to phosphate has recently been shown to yield osteogenic effects. Like calcium ions, phosphate ion upregulates osteogenic markers such as osteopontin and osteocalcin. [126, 127] Phosphate ion also upregulates BMP-2, Smad 1/5/8, and β-catenin, thereby stimulating osteogenic gene expression and matrix mineralization. [128] A key constituent to phosphate metabolism is the phosphate transporter solute carrier family 20, member 1 (SLC20a1 or PiT-1), a sodium-phosphate symporter that transports extracellular phosphate ions into the cytoplasm, playing a key role in osteoblast and progenitor cell mineralization. [126, 129] Via a proposed mechanism by Shih et al., extracellular phosphate enters the cell through SLC20a1 and subsequently enters the mitochondria, serving as a substrate for ATP synthesis. ATP is then secreted and metabolized into adenosine by membrane-bound ectonucleotidases. Adenosine via the A2b adenosine receptor to promote osteogenic differentiation. The key role of exogenous adenosine signaling in osteogenic differentiation is supported with studies of adenosine and A2b adenosine receptor inhibitors and knock-out studies. [126, 130] Likely utilizing the phosphate ion-mediated osteogenic pathway, Bae et al. reported on healing of in vivo murine calvarial defects 5 mm in diameter using collagen scaffolds seeded with two polyphosphate compounds. [131] While the amount of increased mineralization was not dramatic, addition of sodium triphosphate demonstrated a 2% increase in BV/TV beyond collagen alone.
Using a co-precipitation approach, one group of investigators utilized a cocktail of salts termed simulated body fluid (SBF) to produce a collagen carbonated hydroxyapatite (Col-cHA). [132, 133] In immunodeficient murine models, 3.5 mm calvarial defects demonstrated radiographic bone healing that was comparable to a commercially available collagen hydroxyapatite material (Healos, DePuy). However, unlike the majority of the previous studies, the investigations with the Col-cHA scaffold have been largely performed with defect healing times of 3-4 weeks and evaluated using two-dimensional plain radiographs. Thus, true comparison is difficult to ascertain. In addition, unlike other formulations which have been predominantly bovine, the collagen source in these investigations was rat tail. The significance of xenogeneic source for collagen is yet to be determined. In a followup study, Col-cHA scaffolds with BMSCs were cultured in a basement membrane extract (BME) gel, containing over 40 different growth factors as well as laminin, entactin, and collagen IV. [132] Although the results were somewhat equivocal, the BME gel was thought to potentially improve cell attachment.
Alternative mineralization techniques have also been considered. Silicic acid/silica has been found to stimulate type I collagen synthesis and osteoblast differentiation in human osteoblast like cells in vitro. [134] In addition, a role for silicon in bone development has been reported, thereby suggesting a role for silicon in bone regeneration. [135] Silicified collagen scaffolds (SCS) fabricated with intrafibrillar deposition of amorphous silica nanoparticles within collagen has been fabricated. The particular impetus for evaluating silica was due to the idea that it has the ability to modulate both the anabolic and catabolic aspects of bone metabolism in that it may stimulate osteogenesis as well as inhibit osteoclast differentiation. Using a combination silicified and calcified collagen scaffold, Jiao and colleagues demonstrated in primary murine MSCs both upregulate osteogenic genes including alkaline phosphatase, collagen I, and osteopontin as well as upregulation of osteoprotegerin at the same time as downregulation of RANKL. [136] Interestingly, in a follow up study with the same group, silicified scaffolds fabricated from demineralized bone matrix allograft, demonstrated monocyte regulation and angiogenesis in in vivo 3 mm murine calvarial defects. [134] At 12 weeks following cell-free implantation, micro-CT quantification confirmed a BV/TV ratio of 90%.
Collagen with Glycosaminoglycans and Mineral Content
With the understanding that CG scaffolds could support osteogenic differentiation, in 2008, Gibson and colleagues developed a mineralized CG (also called MCG or MC-GAG) scaffold using concurrent mapping to mimic the biological components of bone further. [137] Until that point, the majority of methods for mineral content incorporation in collagen scaffold incorporation was focused on extrafibrillar incorporation of minerals through immersion. Such techniques resulted in mineralized scaffolds that were not uniform and did not truly recapitulate bone. This initial work was subsequently expanded by Harley et al. to further evaluate mechanical and compositional properties of a 50 wt% scaffold with a 420 µm mean pore size. [6] In the MCG scaffold, the calcium phosphate phase was characterized to be almost entirely composed of brushite with a minor amount of monetite.
With the ability to modulate essentially every physical and chemical characteristic of the MCG scaffold, biological responses have also been able to be controlled. [4, 115] In close collaboration with Harley, our group subsequently evaluated the differences in osteogenesis in primary bone marrow-derived human mesenchymal stem cells (hMSCs). [2, 7, 10, 11, 138] Our initial experience in using pure collagen scaffolds (Helistat) was decidedly unimpressive during in vitro osteogenic differentiation. [95] The primary reason was due to the severe structural contraction that occurred during mineralization. Both CG and MCG were found to exhibit significantly improved abilities to withstand contraction. In addition, this was further improved with crosslinking using EDC/NHS. Secondly, both CG and MCG demonstrated improved mineralization with the MCG scaffold far exceeding both CG and collagen. When the properties of the scaffolds were examined, two differences stood out. First, elution of calcium and phosphate ions were noted in MCG primarily for the first 3 weeks of culture and may potentially contribute to osteogenic signaling through the pathways mentioned above. [11] Secondly, biomechanical testing of the scaffolds demonstrated differences in the stiffness of each material in that the elastic moduli for hydrated, empty CG and MCG scaffolds were 208 Pa and 4 kPa, respectively. Following 8 weeks of culture, the elastic moduli of MCG increased to ≈70 kPa in the presence of hMSCs and osteogenic media. The mechanical differences may be important for cellular adhesion and migration as MCG demonstrated significantly more cellular material in the center of the scaffold when compared to CG scaffolds. [2, 7, 98] When we further compared osteogenic differentiation on CG and MCG scaffolds in relationship to BMP-2 induction, minimal increases in osteogenic gene expression were found in either hMSCs or rabbit BMSCs. [2, 138] However, in vitro mineralization on MCG scaffolds was not improved with BMP-2 whereas a minor increase was seen in CG scaffolds. This finding was also seen in 14 mm rabbit cranial defects 8 weeks following implantation. Surprisingly, similar to the O'Brien study, when we compared cranial defect healing of cellfree scaffolds to both scaffolds seeded with ex vivo expanded BMSCs or scaffolds seeded with BMSCs and treated with BMP-2, MCG cell-free scaffolds demonstrated the highest BV/TV percentage and highest strength and stiffness on microindentation analysis. Further evaluation of the mechanism for elevated osteogenesis revealed that MCG scaffolds stimulated phosphorylation of Smad1/5, the major downstream mediator of the canonical BMPR signaling, even in the absence of BMPs suggesting an autogenous activation of the pathway. This autogenous activation was subsequently confirmed by detection of elevated BMP-2, BMP-4, and BMP-9 expression stimulated by the MCG scaffolds. Both Smad1/5 phosphorylation and transcriptional activation of osteogenic BMPs were not evident in CG scaffolds. The differences in CG and MCG in hMSC differentiation and activation of intracellular signaling molecules suggested that the materials alone instructed differential signaling pathways (Figure 7) .
Approached from a different manner, Zeitouni et al. cultured hMSCs in osteogenic media and isolated a combination of cell and ECM lysate. [139] This lysate, considered to be ECMenriched, was further dehydrated and utilized as a scaffold for evaluating hMSC directed calvarial regeneration in a 4 mm murine defect. Interestingly, the mineral component in this scaffold was also brushite, indicative that hMSCs undergoing osteogenic differentiation produce brushite during matrix mineralization. In combination with hMSCs treated with an inhibitor of peroxisome proliferator activated receptor-γ (PPAR-γ), this particular biological scaffold was found to be more effective in bone regeneration. However, there are significant unknowns in the exact composition of this scaffold, thus the main driver for mineralization in this situation is not completely clear. Furthermore, as this does not represent completely purified ECM, it is difficult to state whether there are growth factors that are at play in regeneration. This study again underscores the significance of instructive signals for MSC differentiation.
Conclusions and Future Directions: Are we almost there yet?
Death Valley in California is a vast expanse of desert for which the vegetation is minimal, illusions are maximal, and the discovery of an oasis may or may not actually occur within one lifetime. It is a metaphor for the great divide between bench science and clinical advancement. Despite the hundreds of publications on bone tissue engineering and the 30 years of work that have been put into investigation, the question of whether or not we have actually achieved a viable strategy to clinical translation remains elusive. However, the increased understanding of the significance of the extracellular matrix and the advances in biomaterial fabrication have placed a new optimism on regenerative medicine as we now have an important reagent that can be finely tuned and optimized to control both simple and composite tissue synthesis. Additionally, this understanding is now bringing together the diverse fields of materials science, bone biology, cell biology, potentially cell electrophysiology, and clinicians.
In this new era, the potential for achieving clinical translation ought to be met with optimism but also with a resolute consensus that we must become more systematic in our efforts for fabrication, functional characterization, in vivo testing, and clinical trials. In terms of fabrication, this current review has focused primarily on ECM-inspired, collagen-based materials generated using the major organic and inorganic components of bone with testing in in vivo cranial defect models. Less prominent components of bone including glycoproteins and lipoproteins were not examined. Various other materials that are not naturally found in bone, such as graphene oxide-based composites, were also not examined in this review but may be of potential future interest in bone regeneration. [140] The sheer numbers and combinations of collagen-based scaffolds, even within relatively narrow confines, suggest that a more directed method should be considered with optimization at every step of the fabrication process. That is, we should optimize from the best material or materials reported, rather than to work from materials that have been demonstrated to yield suboptimal results for the same application. For this to occur, we must have quantifiable standardized methods of comparison that can be used from investigator to investigator and material to material with the expectation that results from these measures ought to be part of the literature. For example, while a number of the studies in this review have used micro-CT scanning, several have used plain radiographs and others have used only gross examination. The inability to truly compare these materials is significant as it is difficult to definitively state which method of fabrication is optimal and which components are absolutely necessary.
When one critically evaluates a number of the reports within this review, one also cannot help but be inundated with an immense variety of cell types and cell lines used with variable genetic modifications and growth factor additions. Most cell biologists would agree that immortalized cell lines are, by definition, abnormal. Thus, we must re-evaluate the convenience of utilizing cell lines for in vitro studies as they may not yield comparable results in primary human cells. Furthermore, the continued reliance on growth factors or growth factor cocktails is likely to yield the same conclusions as has been demonstrated in the past: that growth factors will cause unintended complications and ultimately fall out of favor in the clinical realm. Similar to understanding signaling pathways in normal cell physiology or specific pathologies, we should consider regeneration on specific materials as a separate cellular microenvironment. That is, osteogenic differentiation and the interaction between osteoprogenitors and other cell types should be characterized down to the specific signaling pathways activated or inhibited such that fine control can be further accomplished. Lastly, in the selection of in vivo animal models, both the clinical problem at hand and the potential models required for regulatory agencies to approve product development should be kept in mind. In terms of clinical problems, the approach for in vivo model selection should ideally start with some degree of input from clinicians who specifically treat the clinical problem in question such that the in vivo model recapitulates an actual clinical issue. In the setting of calvarial defects, for example, a full thickness calvarial defect (involving both cortices) is a true clinical problem whereas a partial thickness calvarial defect (involving only one cortex) is not. As it is likely that small animal models will only be useful as a portion of preclinical data in preparation for clinical testing, testing in medium or large animal models should be considered as a logical progression following small animal testing.
